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Central JapanThe Itoigawa-Shizuoka tectonic line (ISTL) fault system is considered to have one of the highest probabilities for a
major inland earthquake occurrence in the whole of Japan. It is a complex fault system with the dip directions of
the local fault segments changing from north to south between an east-dipping low-angle thrust fault, a strike
slip fault and a west-dipping thrust fault. The tectonic relations between the different parts of the fault system
and the surrounding geological units are yet to be fully explained. This study aims to reveal the juncture of the north-
ern and central parts of the ISTL and investigate its contribution towards the shaping of the Northern Fossa Magna
rift basin.We conducted 3deployments of 1 or 2 linear arrays of seismic stations across the central andnorthern ISTL
regions and observed local micro-earthquakes for a period of 3 years. Each deployment recorded continuous wave-
form data for approximately 3 months. Using arrival times of 1193 local earthquakes, we jointly determined earth-
quake locations and a 3D velocity model, applying the tomography method. We were able to image the regional
crustal structures from the surface to a depth of 20 km with a spatial resolution of 5 km. Subsequently, we used
the obtained 3D velocity model to relocate the background local seismicity from 2003 to 2009. The juncture of
the northern and central parts of the ISTL was well constrained by our results. The depth extension of the northern
parts of the ISTL fault segments follows the bottomof theMioceneNorthern FossaMagna rift basin (NFM) and forms
an east-dipping low-angle fault. In contrast, the central parts of the ISTL fault segments are estimated to lie along the
eastern boundary of the Matsumoto basin forming an oblique strike slip fault (Fig. 1).
© 2014 The Authors. Published by Elsevier B.V.Open access under CC BY-NC-SA license. 1. Introduction
Large intraplate earthquakes on inland faults are a common phe-
nomenon in the Japanese islands. The Itoigawa-Shizuoka tectonic line
(ISTL) is amajor inland fault system that starts at Itoigawa City in Niiga-
ta Prefecture located on the Sea of Japan side of Honshu Island and ends
to the east of Shizuoka City in Shizuoka Prefecture on the Paciﬁc Ocean
side of Honshu (Fig. 1). The slip and dip directions of the faults are not
constant along the ISTL but change from north to south. In the north,
the predominant character of the faults is the east-dipping low-angle
thrust (Okumura et al., 1998; Sato et al., 2004) that changes to left
lateral strike slip in the centre (e.g., Fujimori, 1991; Okumura et al.,
1994) and ﬁnally thewest-dipping reverse fault in the south (e.g., Ikeda
et al., 2009; Panayotopoulos et al., 2010). The central part has the81 3 5689 7234.
oulos).
.Open access under CC BY-NC-SA licenshortest recurrence interval along the ISTL with a major event interval
of 582–843 years (Okumura, 2001) and possesses one of the highest
seismic risks for an M 8 class intraplate event within 30 years (The
Headquarters for Earthquake Research Promotion, 2008).
Estimating the dimensions of the fault segments is essential in order
to construct an accurate seismic hazard map and to estimate the
potential damage to the surrounding area as a result of a major event
occurrence. Geomorphologic, seismic reﬂection, and wide-angle
reﬂection/refraction studies have already mapped in detail the surface
and shallow parts of the fault segments in the north and central ISTL
(e.g., Ikeda et al., 2004; Sato et al., 2004; Takeda et al., 2004). The crust
and upper mantle structure in central Japan has been revealed on a
regional scale (i.e., hundreds of km scale) by tomography studies of P-
and S-waves travel time inversion (Kamiya and Kobayashi, 2007;
Matsubara et al., 2008; Nakajima and Hasegawa, 2007). However,
the spatial resolution of regional-scale tomography studies is limited
by the spacing of the routine seismic network stations, which is ap-
proximately 20 km. In addition, Kurashimo and Hirata (2004) con-
ducted a dense seismic array observation across the northern ISTL for
a 2-month period in 2002. Their results although with high resolution
(grid spacing of 5 km in the X-axis and 3 km at depth) only providedse. 
Fig. 1. Location map of the Itoigawa-Shizuoka tectonic line (ISTL) and its north and central fault segments. The black rectangle represents the area of the present study. The active fault
traces of the Kamishiro (Kam), East Matsumoto Basin Fault (EMBF), Gofukuji (Gof), and West Nagano Basin Fault system (WNBF) are after Nakata and Imaizumi (2002) and Kondo
et al. (2006). White circles indicate toponyms in the vicinity of the ISTL, Ito: Itoigawa city; Hak: Hakuba village; Aka: Akashina city; Mat: Matsumoto city; Suw: Lake Suwa; Shi: Shizuoka
city; Tky: Tokyo metropolitan area. PHS: Philippine Sea Plate; PAC: Paciﬁc Plate; EUR: Eurasia Plate.
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10–15 km depth.
In order to achieve a local-scale 3D tomographic image that would
possibly reveal the deeper extension of the fault segments in the
north and central ISTL, we have conducted ﬁve dense linear arrays ofofﬂine seismic stations along the ISTL fault system over a period of 3
years. We were able to estimate the crustal velocity structure along
the ISTL using a 5-km grid and make estimations regarding the down-
ward continuation of the surface geological units by correlating them
to our tomography results. In addition, we used ourmodel to accurately
14 Y. Panayotopoulos et al. / Tectonophysics 615–616 (2014) 12–26relocate the background seismicity for a period of 7 years and associate
it with the deeper extension of the faults. Finally, we discuss the fault
segmentation between the northern and the central parts of the ISTL
fault system based on the velocity model and how the fault movement
helped shape the Northern Fossa Magna rift basin.
2. Tectonic setting
The ISTL is the most prominent tectonic structure in central Japan
that divides Honshu Island into NE and SW parts (e.g., Yabe, 1918)
(Fig. 1). It is considered to be the present-day plate boundary between
the North American (or Okhotsk) plate to the east and the Eurasian
(or Amurian) plate to the west (Nakamura, 1983; Taira, 2001; WeiFig. 2.Horizontal gradient of the Bouguer anomaly in central Japan. The regional Bouguer anoma
(2004) and Yamamoto et al. (2011). The rectangle represents the area of study. Index ﬁgure: B
tonic line; KTL: Kanto tectonic line; TMTL: Tsunan-Matsumoto tectonic line; SKTL: Shibata-Koid
KTL. Dotted line: probable position of theMTL east of the ISTL. The thin black lines represent the
of Japan (1992).and Seno, 1998). In the north, the ISTL forms the boundary between
the Hida mountain range to the west and the Northern Fossa Magna
(NFM) basin to the east (Sato, 1994). The evolution of the NFM rift
basin is a key feature in the evolution of the northern ISTL. The NFM
was formed as a back arc rift basin at the ﬁnal stage of the opening of
the Sea of Japan in the early Miocene (Otofuji et al., 1985; Yamaji,
1990) and has undergone shortening deformation since the Late Mio-
cene to Pliocene (e.g., Sato, 1994). The ISTL at that point formed an
east-dipping low-angle normal fault along the western margin of the
NFM (Sato, 1996). The area to the west of the ISTL consists mainly of
the Mesozoic accretionary prism of Japan, including high-pressure/
temperature (P/T)metamorphic rocks and Cretaceous granitic rocks, re-
ferred to as the “inner zone” (Kano et al., 1990; Taira, 2001). The easternlies are estimatedwith an assumeddensity of 2.67 g/cm3 by theGeological Survey of Japan
ouguer anomaly gradient overlain by major tectonic features. ISTL: Itoigawa-Shizuoka tec-
e tectonic line; KCTL: Kashiwazaki-Choshi tectonic line. Dashed line: probable extension of
general structural trend inside the pre-tertiary basement rocks after the Geological Survey
Fig. 3. Geologic map surrounding the ISTL modiﬁed from the Editorial committee of civil engineering geologic map of Kanto (1996). The rectangle represents the area of study.
15Y. Panayotopoulos et al. / Tectonophysics 615–616 (2014) 12–26margin of the rift system that formed the NFM is marked by an NNE
trending zone of the steep gradient of the Bouguer anomaly, which co-
incides with the Shibata-Koide tectonic line (SKL) (Yamashita, 1970)
and the Tsunan-Matsumoto tectonic line (TMTL) (Ikami et al., 1986;
Kosaka, 1984) (Fig. 2). The extensional deformation during the opening
of the Sea of Japan in the early Miocene is controlled by several NW-SE
trending left-lateral faults. The southeastwards movement of the NE
Japan arc is assumed to have happened on the Kanto tectonic line
(KTL) (Kobayashi, 1941) and the Kashiwazaki-Choshi tectonic line
(KCTL) (Yamashita, 1970), with roughly its eastern half called the Tone-
gawa tectonic line (Takahashi, 2006). Because of the quaternary sedi-
mentary and volcanic cover, it is not clear where these tectonic lines
are located exactly. However, paleomagnetic studies have veriﬁed the
counterclockwise rotation of the NE Japan arc (Hyodo and Niitsuma,
1986; Otofuji et al., 1985, 1997) and in addition the zones of the steep
gradient of the Bouguer anomaly have been associatedwith these faults
(Komazawa, 1987; Yamashita, 1970) (Fig. 2). The presence of these
faults can also be indirectly observed by differences in the structural
trends inside the outcropping basement rocks. The basement rocks to
the west of the ISTL have a predominately SW-NE trend, the basement
rocks between the ISTL and the KTL have an NW-SE trend, and ﬁnally
the basement rocks to the east of KCTL show trends which vary from
SW-NE to N-S (Fig. 2).
The NFM is ﬁlled with a thick sequence of more than 6 km of
Miocene volcanic rocks andmarine sediments (Kato, 1992) (Fig. 3). Im-
mediately to the east and parallel to the NFM, bounded by the WNW-
dipping West Nagano basin fault (WNBF) segment of the TMTL lies
the central uplift zone (CUZ),which consistsmainly ofMiocene volcanic
rocks and granitic intrusions (Yano, 1989). A prominent positive
Bouguer gravity anomaly zone can be observed parallel to the centraluplift zone, which suggests that the gravity basement in the area is
very shallow (Komazawa, 2004). Because of the Pliocene tectonic inver-
sion, the NFM has experienced a shortening deformation process that
resulted in an estimated 23 km shortening of the basin (Sato, 1996;
Sato et al., 2004). During that time, the northern ISTL was reactivated
as a low-angle thrust fault and served as the main fault on which the
shortening deformation occurred.
The slip along the north and central ISTL was accommodatedmainly
by four fault segments (Fig. 1). The northernmost segment of the ISTL,
the Kamishiro fault, exhibits an average dip slip rate of 1.5 to 5.4 mm/
year since the Early Quaternary (Matsuta et al., 2004; Okumura et al.,
1998). The rest of the north ISTL segments around Matsumoto city are
represented by the East Matsumoto basin faults (EMBF), which have
mainly a reverse fault character with an average vertical slip rate of
3.0 mm/year since theMiddle Pleistocene (Matsuta et al., 2004). Recent
studies have split the EMBF into two segments approximately 10 km to
the north of Matsumoto City in the Akashina area, the north EMBF
segment with a predominately dip-slip character and the south EBMF
strike slip (Kondo et al., 2006, 2008). In the central ISTL, the slip sense
of the faults changes to a predominately strike slip, with slip rates at
the Gofukuji fault ranging from 5 to 14 mm/year. These are the highest
slip rates along the ISTL (Ikeda and Yonekura, 1986; Okumura, 2001).
Strain accumulation is not constant between the north and the central
ISTL, with the EMBF displaying higher strain accumulation rates than
the Gofukuji fault (Sagiya et al., 2002, 2004).
In the central ISTL region close to Lake Suwa, the fault segments form
a pull-apart basin and have an average left lateral slip rate of 3–11 mm/
year (Fujimori, 1991; Research Group for Active Faults of Japan, 1991).
The total left lateral displacement of the ISTL in the area is estimated
to be 12 km (Kawachi et al., 1966). This amount is observed by an offset
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16 Y. Panayotopoulos et al. / Tectonophysics 615–616 (2014) 12–26of the Median tectonic line (MTL), which represents the northeast-
southwest trend geological boundary separating the rocks of the inner
zone from the Cretaceous to Tertiary accretionary prism referred toas the “outer zone” (Kano et al., 1990; Taira, 2001). The decrease in
the slip rate of the faults from central to north can be related to the
crustal shortening accommodated by the WNBF system (Sato, 1996).
Fig. 5. P-wave velocitymodels used as the initial model for the tomography inversion. Sta-
tions and grid points located inside the NFM basin were assigned with low velocities for
the shallow parts of the crust (Vp2) and the stations and grids outside that area were
assigned average crustal velocities (Vp1) derived from reﬂection/refraction studies (Iidaka
et al., 2003; Ozel et al., 1999).
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The routine seismograph network, which covers the north and
central ISTL region, consists of 123 stations (Fig. 4). These stations are op-
erated by the Japanese Meteorological Agency (JMA), the National Re-
search Institute for Earth Science and Disaster Prevention (NIED) and
several universities, including the University of Tokyo, the Kyoto Univer-
sity and the Nagoya University. The permanent station network in the
area is not dense enough to accurately observe and locate the local seis-
micity. The stations are deployed with an average spacing of 20 km, but
no station at all is present in some large areas ofmore than40 km.Adens-
er station distribution is required in order to accurately locate the local
seismicity and to obtain a more detailed structure of the crust surround-
ing the faults. Given the size of the area to be covered, an evendistribution
of stations in the area would not increase the total station density for a
travel time tomography study. On the other hand, a single linear array
of stations would only provide us with enough detail for a 2-
dimensional structure intersecting the fault segments. In order to maxi-
mize the efﬁciency of the deployment of the available ofﬂine stations,
we deployed 5 linear arrays across the ISTL fault segments separated by
15–20 km (Fig. 4). The basic concept behind this kind of station conﬁgu-
ration is to deploy as many as possible on lines perpendicular to the gen-
eral trend of the surface geology (e.g., Kato et al., 2009). The Itoigawa-
Shizuoka tectonic line runs approximately in an NNW-SSE direction,
resulting in lateral heterogeneities being most prominently expressed in
an E-W direction across the fault and more gentle in an N-S direction
along them. Thus, we deployed stations with spatial spacing of 1 to
1.5 kmwithin each of the seismic lines that run in aWSW-ENE direction.
This enables us to constrain the N-S lateral variations along the general
trend of the surface geology while maintaining high resolution for the
major lateral variations across the ISTL in the E-W direction. This concept
has been already implemented and successfully tested in the area south of
the present study (Panayotopoulos et al., 2010).
We used 1-Hz seismometers with continuous recording of the
waveforms by removable hard disk drive recorders powered by alkaline
batteries (Shinohara et al., 1997). The recorders utilized a global posi-
tioning system (GPS) receiver to maintain the accuracy of the internal
clock of the recorder. This conﬁguration enabled us to obtain continuous
recording at a 200-Hz sampling rate for 1month before the batteries de-
pleted. The ﬁrst two arrays were deployed in a parallel formation over a
3-month period from 13 September to 12 December 2006. The north-
ernmost of the two arrays consisted of 26 stations and was deployed
across theGofukuji fault. To the south of that, 33 stationswere deployed
along the northern edge of the faults surrounding Lake Suwa. The fol-
lowing year, we moved further to the south and deployed 33 stations
from 20 August to 23 November 2007. This array covered the southern
edge of the faults forming the pull-apart basin of Lake Suwa. In 2008,we
deployed two lineswith 21 and 23 stations cutting across the EMBF ISTL
fault. Again we collected data over a 3-month period, from 25 August to
30 November 2008. In addition, the Geological Survey of Japan (GSJ,
AIST) deployed 16 ofﬂine stations scattered in the north and central
ISTL. The ﬁrst eight to be deployed took continuous recordings from
21 August 2006 to 25 April 2009 and the remaining eight from 24
August 2008 to 25 April 2009. In total, we implemented 275 stations
for the purpose of this study.4. Data processing
We have compiled a data set consisting of 1193 earthquakes of
which 463were collected during 2006, 379 during 2007 and 351 duringFig. 4. Distribution of stations, earthquakes, explosive shots and grid nodes. (a) Close-up on th
temporary stations. White pentagons, diamonds and squares represent the stations deployed
AIST. (b) Event distribution, explosive shot location and grid node distribution used for the tomo
that covers the north and central ISTL region. The coordinate systemused for the inversionwas r
arrays and the Y-axis parallel to the ISTL. The black inverted triangles mark the location of thethe 2008 array observations (Fig. 4). The data set also included ﬁve
(out of seven) explosive shots which were scheduled during the same
period as part of observations for a refraction/reﬂection study in 2007
(Iidaka et al., 2010) and were clearly observed at our 2007 station
array. In order to create a high quality data set, we manually picked
the travel time arrivals from the observed earthquake waveforms and
obtained 53,734 P-phase and 64,106 S-phase arrivals. The initial hypo-
center locations required for the tomography analysis were estimated
by applying a maximum likelihood estimation algorithm (Hirata
and Matsu'ura, 1987), implementing two 1D P-wave velocity models
(Sakai, 2004) (Fig. 5). The S-wave velocity models are assumed by scal-
ing the P-wave velocity models by a factor of 1.73. Stations located in-
side the NFM basin were assigned with low velocities for the shallow
parts of the crust (Kurashimo and Hirata, 2004; Takeda et al., 2004),
whereas stations outside that areawere assigned the average crustal ve-
locity values derived by seismic refraction and wide-angle reﬂection
studies in central Japan (Iidaka et al., 2003; Ozel et al., 1999). These
events were reprocessed using the double difference tomography
method (Zhang and Thurber, 2003) in order to obtain a detailed 3D seis-
mic wave velocity structure of the crust in the surveyed area. For this
purpose, a double difference data set was created by linking events
which were less than 5 km apart and were commonly observed at a
minimum of eight stations. This selection provided uswith 5,656 linkede fault segments of the north and central ISTL and their relative location with the ofﬂine
by the ERI. White inverted triangles denote the stations of the Geological Survey of Japan
graphic inversion. The black squares indicate the online permanent seismograph network
otated 20° counterclockwise, which brought the X-axis almost parallel to the linear station
explosive shots.
Fig. 6. Distribution of the P-wave velocity and Vp/Vs ratio models at 0 km depth derived from the tomography inversion. (a) P-wave velocity model at 0 km depth. (b) P-wave checker-
board resolution test. (c)Vp/Vs ratio at 0 kmdepth. (d) Vp/Vs ratio checkerboard resolution test. Areas that the estimated recovery ratiowas less than20% of the assignedperturbationwere
considered to be of poor resolution and aremasked out in the results. Note the sharp low-Vp/high-Vp velocity contrast between the grid nodes located inside theNFMMiocene sedimentary
rocks and Matsumoto basin Quaternary sediments and the grid nodes inside the CUZ where the Cretaceous–Jurassic basement rocks are assumed to stretch close to the surface
(Komazawa, 2004). The Vp/Vs ratio patterns have similar extent to the P-wave velocities, withMiocene and Quaternary sedimentary basins and in addition in areas covered by Quaternary
volcanic rocks represented by a high Vp/Vs ratio.
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and 47,299 P-phase and 58,075 S-phase double difference times.
For the travel time inversion, we set up a 3D grid with 17 × 13 × 10
nodes in the X-, Y- and Z-directions, respectively (Fig. 4). The origin of
the coordinate system was placed at 36.43°N and 137.86°E and was ro-
tated 20° counterclockwise. This form of conﬁguration meant that the
X-axis was almost parallel to the linear station arrays, and the Y-axis
was parallel to the ISTL fault system. The grid nodes on the X-axis
were set at 5 km spacing, whereas the grid nodes on the Y-axis were
set at 11 km. A set of nodes were placed with 150 km spacing in the X
and Y direction forming a looser outer grid,with themodel limits placed
at ±600 km. The depth grid nodes were placed at Z = 0, 5, 10, 15, 20,
30, 40 and 100 km below sea level. We followed the same approach
as that utilized to determine the hypocenters and set the nodes of the
initial P-wave model, which were located inside the NFM basin with
lower values than the surrounding nodes; the initial Vp/Vs ratio was as-
sumed to be 1.73. Since picking errors of the ﬁrst arrivals for the S-wave
are larger than those for the P-wave, the S-wave arrival time data were
down-weighted during the inversion procedure (weight applied 0.8).
The double difference (DD) algorithm was applied iteratively ten
times, and after testing a wide range of smoothing parameters, the
weighting applied to the horizontal and vertical dimensions was set to
15 (Zhang and Thurber, 2003). In the ﬁrst six iterations, the absolute
datawereweighted ten times higher than theDDdata in order to obtain
a detailed structure along the ray paths. Subsequently, we weighted
the DD data two times higher than the absolute in order to resolve the
local structure surrounding the hypocenters. The ﬁnal 3D velocity
model resulted in a 66% reduction of the root mean square (RMS) travel
time residuals from an initial RMS of 346 ms to a ﬁnal 119 ms after 10
iterations. A good ﬁt for the absolute P-wave travel time arrival was
achievedwith amean value for all stationswith μ = 2 ms and the stan-
dard deviation σ = 97 ms. The S-wave ﬁt was less accurate than that of
the P-wavewith μ = 12 ms andσ = 185 ms, partly due to the reduced
accuracy of the S-wave arrival time picking.
Anymeaningful interpretation of the results derived from the travel
time inversion should be combined with a series of tests regarding the
resolution power of the data set and initial velocity model. The reliabil-
ity of the tomography inversion results was evaluated by means of a
checkerboard resolution test (CRT) (Humphreys and Clayton, 1988).
First, a velocity model was created from the initial velocity structure
by assigning ±5% velocity perturbations. We then created a synthetic
data set by calculating the synthetic travel times using the checkerboard
model after adding 50 ms random noise for the P-wave and 100 ms
random noise for the S-wave arrival times. Finally, we inverted the syn-
thetic data using the same inversion parameters and the unperturbed
initial velocity model in order to retrieve the checkerboard velocity
structure assumedwhen creating the synthetic data. Areas with an esti-
mated recovery ratio of less than 20% of the assigned perturbation were
considered to be of poor resolution and are masked out in our results
(Figs. 6–8).
5. Inversion results
5.1. Surface geology correlated to Vp- and Vp/Vs-wave velocity models
In this study, we were able to achieve a travel time tomography im-
aging of the crust in the vicinity of the ISTL, implementing an initial
model with a grid spacing of 5 kmwhich provided adequate resolution
for both the P- and S-waves (Fig. 6). This is a signiﬁcant improvement
over the existingmodel in the area that had amaximumhorizontal res-
olution of 10–20 km (Kamiya and Kobayashi, 2007; Matsubara et al.,
2008; Nakajima and Hasegawa, 2007) and has poor resolution for the
surface layers, or provides a detailedmodel limited to a two dimension-
al scale (Kurashimo and Hirata, 2004).
The correlation of Vp and Vs with speciﬁc rocks does not have a sin-
gular interpretation. However, on a larger-scale, speciﬁc geologicformations can be recognized by their Vp and Vp/Vs traces. The map
view of the modeled Vp and Vp/Vs ratio at 0 km depth generally agrees
with the geological boundaries in the area. A widespread low velocity
zone can be observed to the east of the Kamishiro and northern half of
the EMBF faults and can be correlated to the outcropping NFM basin
Miocene sedimentary rocks (Yano, 1989) (Fig. 6). To the south of that
point, a strip of low velocities can be observed, ﬂanking the western
side of the southern half of the EMBF and Gofukuji faults. This area is
interpreted as a footprint of the Quaternary sediments ﬁlling the
Matsumoto basin (Geological Survey of Japan, 2003; Shimokawa et al.,
1995). At the eastern side of Lake Suwa, low velocities may be associat-
ed with the Quaternary volcanic rocks in the central ISTL. Volcanic and
younger sedimentary rock formations in general exhibit high Vp/Vs ra-
tios (Domenico, 1984; Tatham, 1982), as a result of their porous and
water-saturated nature. The high Vp/Vs ratio zones have approximately
the same distribution as the low velocity zones, supporting the hypoth-
esis that these velocity perturbations delineate the sedimentary basins
and volcanic depositions along the ISTL.
The high velocity zones in the map view at a depth of 0 km to the
west of the ISTL generally ﬁt well with the geological boundaries of
the outcropping older parts of the Honshu Island crust, the inner and
outer zone rocks (Fig. 6). To the east of the ISTL (inside the CUZ), the
velocities produced by our travel time tomography modeling appear
to be higher than those expected for the sedimentary and volcanic
rocks observed at the surface. High Bouguer gravity anomalies related
to the CUZ area have been detected (Komazawa, 2004), indicating
that the basement of the rocks could be very shallow or almost reaching
the surface. The distribution of the high Bouguer anomalies coincides
with the map distribution of high seismic wave velocities at 0 km
depth observed in this study, which may suggest that the uplift has
brought the outer zone Jurassic–Cretaceous basement rocks closer to
the surface, thus explaining the high velocity distribution at shallow
depth inside the CUZ.
5.2. Crustal structure along the ISTL
The correlation of themodeled velocity perturbations for the surface
layers of the crust along the ISTL permits us tomake estimations regard-
ing the downward continuation of the geological units seen at the
surface of the crust. The depth extension of the geological units along
the ISTL fromnorth to south is discussed in eight cross sections obtained
by our tomographymodeling (Figs. 7 and 8). The NFM can be observed
as a wedge-shaped low velocity zone to the east of the surface trace
of the Kamishiro and northern half of EMBF faults at the y = 22,
y = 11 and y = 0 cross sections. The Vp in this area ranges from 3.5
to 4.5 km/s, which is similar to the velocities inside the NFM proposed
by previous studies (Kurashimo and Hirata, 2004; Takeda et al., 2004)
(Fig. 7). The total thickness of the folded Neogene sedimentary rocks
inside the NFM is assumed to exceed 5 km. Themost prominent feature
in these three cross sections is the decreasing horizontal extent of the
low Vp from north to south. Below the NFM basin, the Vp is in the aver-
age range of 5.7–6.4 km/s for the upper crustal velocities of continental
arcs (Christensen and Mooney, 1995).
The Matsumoto basin is represented by a shallow low velocity zone
to the west of the ISTL surface fault trace in the y = −11 to y = −33
cross sections. The basin seems to become thinner and shallower to-
wards the south, with the maximum depth of the basin bottom not ex-
ceeding 3 km. In addition, the Matsumoto basin boundaries ﬁt those
estimated by Ikeda et al. (2004); however, our study is still not equally
detailed in order to depict the exact structure of the basin. To the east of
theMatsumoto basin, the uplifting crust inside the CUZ can be observed
as a convex body of high Vp velocities close to 6.4 km/s. In addition, a
zone of relatively low Vp velocities can be observed in the area below
the ISTL surface fault trace, extending up to 10 km in the crust.
In the ﬁnal two cross sections y = −44 and y = −55, the low Vp
zones observed at the surface do not seem to extend deeper into the
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Quaternary volcanic rocks, which covers the easternmost part of the
cross sections (X ~25 km) and can also be observed as an area with
high Vp/Vs ratio up to a depth of 10 km (Fig. 8). Similarly, high Vp/Vs ra-
tios have been observed by previous studies below the Quaternary vol-
canoes to thewest of the ISTL (Matsubara et al., 2000;Watanabe, 1994),
which attributed these kinds of anomalies to partially melting rock. We
can hypothesize that this is also the case for the high Vp/Vs anomalies
observed in the eastern side of the ISTL as imaged by this study.
5.3. Fault segmentation along the ISTL
The hypocenter distribution along the ISTL illustrates the tectonic
structure of each of the fault segments. In order to gain a more detailed
view of the seismic activity occurring along the ISTL, we used our 3D to-
mographymodel to relocate the observed background seismicity over a
7-year period from 2003 to 2009 (Fig. 9). We used the arrival time data
of 5235 earthquakes that occurred in the north and central ISTL ac-
quired by the high-sensitivity seismograph network (Hi-net). Focal
mechanism solutions by Imanishi et al. (2010) are also depicted, sug-
gesting a complex stress regime including both strike slip and reverse
faulting. In the northern ISTL (cross sections y = 22, 11 and 0), a signif-
icant number of the relocated hypocenters coincide with the bottom of
theNFMbasin and are located to the east of the ISTL surface trace, down
to a depth of 15 km. The focal mechanism solutions in this area are
mostly of reverse faulting and indicate a WNW to ESE compressional
stress regime. This observation is in accordancewith the observed strain
accumulation rates in the northern ISTL (Sagiya et al., 2004). Further-
more, a signiﬁcant clustering of earthquakes can be observed at 15 km
depth exactly below the Kamishiro fault surface trace in cross sections
y = 22 and 11. Although these events display the same low-angle re-
verse character of the seismicity occurring in the shallower parts of
the crust, their location exactly below the Kamishiro fault surface trace
reduces the possibility of them being straightforwardly connected to
the ISTL fault system. In addition, the seismicity located to the west of
the ISTL in the same cross sections appears to form an arch like pattern.
Previous studies in the region proposed the existence of amagma reser-
voir below the Hida mountain range to the west of the northern ISTL
(Matsubara et al., 2000),where ourmodel did not achieve sufﬁcient res-
olution. Our tomography results in the surrounding area display low Vp
and low Vp/Vs ratio values, which suggest the presence of ﬂuids in the
crust (e.g.: Nakajima et al., 2001a,b). Earthquake swarm activity has
been observed in the shallower parts of the crust beneath the northeast
Japanese volcanic arc in areas characterized by low Vp and low Vp/Vs ra-
tios (Hasegawa and Yamamoto, 1994; Nakajima et al., 2001b). These
earthquake swarms appear to deﬁne the upper limits of the magmatic
reservoirs beneath the active volcanoes. Similar to previous studies,
themigration of hydrothermalﬂuids from themagma reservoir beneath
the Hida range (Matsubara et al., 2000) could be a possible mechanism
for the genesis of the deep seismic cluster bellow the Kamishiro fault
and the arch like pattern of the seismicity to the west.
Further to the south, between the cross sections y = 0 and −11,
there are distinct changes in the clustering and focal mechanism solu-
tions of the observed earthquakes. A cluster of earthquakes was ob-
served at the northern ﬂank of the CUZ approximately 10 km away
from the EMBF surface trace, which ceases to exist around the Akashina
area. The fault planes of these earthquakes display a pure strike slip
mechanism in the direction of the P-axis (WNW-ESE), which is consis-
tent with the regional stress ﬁeld (e.g., Terakawa andMatsu'ura, 2010).
This kind of activity has been only recently observed and may onlyFig. 7. Vertical cross sections of the checkerboard test and Vp distribution along the ISTL. Left co
wave velocity model from north (top) to south (bottom) along the ISTL. Areas that the estimat
poor resolution and aremasked out in the results. Red inverted triangles: active fault traces of th
ments surrounding Lake Suwa (Suw). The red dots represent the relocated seismicity whose ep
sents the surface expression of the Quaternary volcanic rocks.reﬂect the recent stress ﬁeld and/or represent a weak zone compared
to the surrounding region rather than a fewmillions of years of accumu-
lated shortening deformation inside theNFM as a result ofmovement of
the active northern ISTL fault system (Sakai, 2004).
In the central ISTL, there is minimal seismic activity observed inside
the high velocity area, which coincides with the CUZ. Most of the earth-
quakes are observed in an area of 5 km radius from the ISTL surface fault
trace, with the activity decreasing towards the south in the cross sec-
tions y = −11 to y = −44. The stress ﬁeld deduced by the focalmech-
anisms in this area agrees well with the observed slip sense of the ISTL
fault segments by geological and geomorphological surveys (Kondo
et al., 2008; Okumura, 2001). The P-axis of themechanisms is again ob-
served with a WNW-ESE direction, but it also dips slightly towards the
west, giving the focal mechanisms in this area a slightly oblique strike
slip sense. A great number of these events seem to cluster inside a rela-
tively low velocity zone located beneath the surface trace of the ISTL,
which creates a clear velocity contrast with the CUZ high velocities to
the east. This zone could be associated with a shear damage zone inside
the Inner Zone rocks of theHonshu arc, induced by themainly strike slip
sense of the ISTL in the area. Despite the fact that the EMBF has been
considered to be an east-dipping reverse fault (similar to the slip
sense of the Kamisiro fault), our observations could verify the geomor-
phic observations of Kondo et al. (2008) in which the EMBF fault
south of Akashina forms amainly strike slip fault. Finally, the decreasing
amount of observed seismicity to the south of cross section y = −44
makes it difﬁcult to make estimations regarding the sense of the ISTL
fault segments surrounding Lake Suwa.
6. Basin evolution
The extensive cover of Neogene sedimentary and volcanic rocks to
the east of the ISTL have not previously allowed us to come to solid con-
clusions about the role of the ISTL in the evolution of the NFM rift basin.
We synthesize our ﬁndings with results from previous studies in order
to produce a model for the last stages of the evolution of the NFM,
which are dominated by the inversion tectonics and the closing of the
basin. In this model, we correlate the observed Bouguer gravity anoma-
lies to the estimateddepth of the basement rocks from their velocity sig-
nature and to the possible conﬁguration of the ISTL fault segments from
our tomography results (Fig. 10). The ISTL can be clearly observed by a
steep change in the Bouguer gravity anomalies, with the areas of the
crust to the west of the fault traces displaying very low Bouguer values.
The TMTL can also be observed by the change in the Bouguer anomalies,
with the crustal block between the central part of ISTL and the TMTL
trending towards the positive values typical for the CUZ (Komazawa,
2004).
In order to estimate the approximate depth of the basement rocks,
we created a 3D plot of the Vp = 5 km/s surface below the NFM and
Matsumoto basins. The striking characteristics of the 3D image are the
progressively shallower depth of the basin and its elongated tapered
shape towards the south. The TMTL, as observed by its Bouguer trace
and also according to previous studies (Ikami et al., 1986; Kosaka,
1984), coincides with the southeast boundary of the NFM basin on our
tomography results. Large-scale folding inside theNFMbasin can be ob-
served in the area between the TMTL and the north ISTL, with the fold-
ing axis parallel to the TMTL (Fig. 2). Similar folding cannot be observed
in the CUZ area to the south of the TMTL, where the Vp = 5 km/s sur-
face is very shallow. In addition, there is a characteristic absence of seis-
micity in the area between the central ISTL-TMTL-KTL (Fig. 10). These
observations lead us to believe that there is no evidence of neotectoniclumn: checkerboard test results from north (top) to south (bottom). Right column: 3D P-
ed recovery ratio was less than 20% of the assigned perturbation were considered to be of
e Kamishiro (Kam), East Matsumoto Basin Fault (EMBF), Gofukuji (Gof) and the fault seg-
icenters are within 5.5 km away from each of the cross sections. The black triangle repre-
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tween the central ISTL-TMTL-KTL moved as a single block after the late
Miocene to Pliocene. This block of crust was rotated counterclockwise
by the sinistral transtension along the central ISTL and the dextral
transtension along the KTL after the collision of the Izu-Bonin arc with
the Honshu margin in Miocene. This kind of movement would require
the central ISTL up to at least where it joins the TMTL around
Matsumoto to move mainly as a left lateral strike slip fault and to the
north of that progressively changing to a thrust fault. This could explain
the oblique mechanism of the observed earthquakes in the vicinity of
the Gofukuji and southern part of the EMBF.7. Conclusions
The detailed crustal structure along the central and northern parts of
the ISTL fault system was obtained by implementing several dense off-
line linear seismic station arrays. Over a period of 3 years, 1193 earth-
quakes were recorded at the off-line stations and processed using the
Double Difference tomography method. In addition, the background
seismicity reported by the NIED over a period of 7 years was relocated
using the 3D velocitymodel, whichwas obtained by tomographic inver-
sion. The ﬁndings from the correlation of the 3D velocity model of the
crust with the surface geology and the relocated earthquakes can be
summarized in the following conclusions:
1. The northern ISTL fault segments form a low-angle fault-dipping to-
wards the east, which is identiﬁed as a velocity boundary between
the NFM basin and the basement. A signiﬁcant number of micro-
earthquakes are observed at the bottom of the NFM basin to the
east of the ISTL surface trace, down to a depth of 15 km.
2. The central ISTL fault segments form a high angle oblique fault, which
represents the boundary between the CUZ and the Inner Zone rocks
of the Honshu arc. Local seismicity could possibly be linked to the
deeper extension of the ISTL fault segments in the area.
3. We were able to reconstruct the tectonic movements along the cen-
tral and north ISTL driven by the collision of the Izu-Bonin arc with
the Honshu margin after the Miocene. The central ISTL acted as an
area that accommodated the sinistral transtension of the crustal
block containing the CUZ whereas the north ISTL moved mainly as
a thrust fault accommodating the shortening deformation inside
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